The Photosystem II (PSII) core antenna complexes, CP43 and CP47, were prepared from spinach (Spinacia oleracea L.). The absorption spectra in the red region at room temperature were recorded for the PSII core antenna samples after increased temperature treatment (up to 80³C). Derivative and difference spectra revealed the existence of two groups of chlorophyll a (Chl a) molecules in both CP43 and CP47. The one with the absorption peak in the shorter wavelength region was designated as CP43-669 and CP47-669, while the other with the absorption peak in the longer wavelength region was designated as CP43-682 and CP47-680. The results of the thermal treatment experiment demonstrated that CP43-669 and CP47-669 may exist as monomers of Chl a and that their binding sites on the polypeptides are insensitive to thermal treatment, whereas CP43-682 and CP47-680 may exist as dimers or multimers of Chl a and their binding regions in the polypeptide chains are more sensitive to heat treatment. The excitation energy transfer mechanism between these two different groups of Chl a molecules is also analyzed. ß
Introduction
Up to now the smallest Photosystem II (PSII) preparation able to produce oxygen, separate charges and reduce quinones consists of D1, D2, cytochrome (Cyt) b 559 , the product of the psbI gene, and a 33 kDa manganese stabilization protein together with the core antenna complexes, CP43 and CP47 [1] . CP43 and CP47, both of which are chlorophyll a (Chl a) binding protein complexes with apparent molecular masses of 43 kDa and 47 kDa from SDS-PAGE, are the products of the psbC gene and the psbB gene of the chloroplast genome [2^4] and are tightly associated with the D1 and D2 peptides of the PSII reaction center (RC-II). It has been reported that CP43 and CP47 play an important role in excitation energy transfer from the peripheral antenna, such as the phycobilisomes of cyanobacteria and the light harvesting complexes of PSII (LHC-II) in higher plants to RC-II. Furthermore, they also play an important role in maintaining the structural integrity and the oxygen evolving capacity of PSII [2^4]. In addition, Virgin et al. [5] reported that the cleavage of photodamaged D1 was related to the proteinase in PSII. Salter et al. [6] indicated that radiolabeled diisopropyl £uorophosphate (DFP), which modi¢ed the active site of serine-type proteinase, was bound to CP43 in PSII and inhibited the degradation of the D1 protein. These results indicated that CP43 itself might be the proteinase responsible for the degradation of D1 protein. So, numerous studies have tried to determine the structure and function of CP43 and CP47 in recent years.
The energy transfer mechanism has become one of the focuses of recent studies on the structure and function of CP43 and CP47, and the pigment binding states play a key role in energy transfer. Thus, the pigment binding states in CP43 and CP47 must be ¢rst understood to elucidate the energy transfer mechanism. Bricker et al. reported that CP43 and CP47 contained only chlorophyll a (Chl a) and L-carotene (L-Car) [4] . In our previous studies, we isolated and puri¢ed CP43 and CP47 from spinach (Spinacia oleracea L.) and studied the binding states of L-Car in CP43 and CP47 using resonance Raman spectroscopy [7] . The results suggested that a Dexter mechanism was involved in the excitation energy transfer between L-Car and Chl a molecules in CP43 and CP47, but the binding states of Chl a in CP43 and CP47 have not been investigated.
Alfonso et al. [8] predicted that di¡erent pools of Chl a in CP43 and CP47 puri¢ed from Beta vulgaris L. and Glycine max might exist. Jennings et al. [9] reported ¢ve distinct Chl a spectral forms of CP43 and CP47 analyzed by Gaussian curve ¢tting of room temperature spectra and suggested that these di¡erent spectral forms represented separate electronic (Qy) transitions of di¡erent Chl a forms. Recently, Groot et al. [10] found that two spectral species were found in the chlorophyll triplet-minussinglet (T-S) absorption di¡erence spectra of CP47, which might arise from di¡erences in ligation of the pigments. More recently, Groot et al. [11] again systematically studied the spectroscopic characteristics of CP43 and showed that there might be di¡erent groups of chlorophylls in CP43. So, we carried out the present experiments to further verify these suggestions.
Heat inactivation has been successfully used to investigate the structural characteristics of some Chl a-protein complexes [12, 13] . In our previous research, we investigated the heat-induced denaturation of CP43 and CP47 showing that the absorption, £uorescence and circular dichroism (CD) spectra changed regularly as the treatment temperatures gradually increased [14] . In the present work, we pu-ri¢ed CP43 and CP47 from spinach (S. oleracea L.), examined their pigment contents, and then thoroughly analyzed the CP43 and CP47 absorption maxima, their derivatives at di¡erent temperatures and the absorption di¡erence between various treatment temperatures and room temperature. Our results con¢rmed that there were at least two di¡erent spectral forms in the absorption maxima of both CP43 and CP47 and suggested that these di¡erent spectral forms resulted from di¡erent pools of Chl a which had di¡erent binding states in CP43 and CP47. The present results were also used to analyze the energy transfer mechanism between the di¡erent Chl a molecules.
Materials and methods

Puri¢cation of CP43 and CP47
PSII-enriched membrane was prepared from spinach as previously described [15] . The oxygen evolving core complex (OECC) was isolated as discussed in Ghanotakis et al. [16] . CP43 and CP47 were then puri¢ed according to the method of Alfonso et al. [8] with some modi¢cations. The OECC was ¢rst treated with 0.8 mol l 31 Tris bu¡er (pH 8.0) for 15 min to a ¢nal chlorophyll concentration of 0.1 mg ml 31 and centrifuged at 40 000Ug for 10 min. The procedure was performed twice to completely remove the 33 kDa extrinsic protein. The pellet was resuspended in 50 mmol l 31 2-(N-morphine) ethanesulfonic acid (MES), 150 mmol l 31 NaCl and 400 mmol l 31 sucrose (pH 6.0) at a chlorophyll concentration of 1.5 mg ml 31 , and incubated with an equal volume of 20 mmol l 31 Bis-Tris, 4 mol ml 31 LiClO 4 and 15% L-dodecyl maltoside (DM) bu¡er (pH 6.0) for 20 mmol l 31 Bis-Tris (pH 6.0) for 2 h and then loaded onto a DEAE-Fractogel TSK 650S anion-exchange column (1.6U12 cm) that had been equilibrated with 20 mmol l 31 Bis-Tris and 0.05% DM (pH 6.0) at a £ow rate of 0.5 ml min 31 . The fraction that did not bind to the column and eluted ¢rst was CP43. After the elute became colorless, the column was subjected to a 0^200 mmol l 31 LiClO 4 , 20 mmol l 31 Bis-Tris and 0.05% DM (pH 6.0) linear gradient to elute the CP47 and other fractions. To increase the purity of CP43 and CP47, they were then reloaded onto a shorter column (1.6U5 cm). The preparations were stored at 77 K. All of the above procedures were performed at 4³C in the dark. CP43 and CP47 were judged to be pure on the basis of SDS-PAGE (see Fig. 1 ). The elution pro¢le of the anion-exchange chromatography and the electrophoretic pattern of the fractions were similar to the result of Alfonso et al. [8] .
SDS-UREA-PAGE
Analytical SDS-PAGE was carried out in 15% acrylamide gel containing 6 mol l 31 urea. The gels were stained with Coomassie brilliant blue R-250.
Quantitation of pigments by HPLC
Pigments were extracted with 80% cold acetone and sonicated for 3 min, with the extract centrifuged for 5 min in a microfuge. All steps were carried out at 4³C in the dark. The pigments were analyzed by HPLC (Waters Millennium 2010) using a C-18 reversed-phase (4 Wm particle size) column (3.9U150 mm) (Waters, Nova-Pak).
Protein determination
The protein concentration was determined using a Bradford dye reagent protein assay as described by Alfonso et al. [8] .
Heat treatment
The CP43 and CP47 were suspended in 20 mmol l 31 Bis-Tris and 0.05% DM (pH 6.0). The e¡ect of temperature was studied, samples were heated in steps of 5³C from 25 to 80³C. After each heating step, the samples were incubated for 5 min and the spectra were immediately measured.
Absorption measurement
The absorption spectra and the corresponding derivative spectra of CP43 and CP47 were measured with a UVKON-943 spectrophotometer at room temperature.
Data analysis
All the data gathered from the various measurements were ¢rst stored as ASCII ¢les by each instrument and then processed using Origin 4.1 and displayed as ¢gures or tables.
Results
Puri¢cation
The polypeptide composition of puri¢ed CP43 and CP47 prepared as described in Section 2 is shown in Fig. 1 as analyzed by SDS-UREA-PAGE. Lane 1 is the PSII core complex which was used as the control containing minor CP29 besides CP47, CP43, D1, D2 and 22 kDa protein [8, 13, 15, 16] . Lanes 2 and 3 are puri¢ed CP43, lane 4 is the puri¢ed CP47. It can be seen that only one polypeptide had an apparent molecular mass of 43 kDa or 47 kDa in each preparation, indicating that both of the puri¢ed CP43 and CP47 were homogeneous.
Pigment stoichiometry of CP43 and CP47
The total pigments of the puri¢ed CP43 and CP47 were extracted and analyzed using reversed-phase HPLC as described in Section 2. The chromatograms (data not shown) only showed peaks corresponding to Chl a and L-Car, indicating that Chl a and L-Car were the only pigment species bound to the core antenna polypeptides. The quantities of Chl a and L-Car in CP43 and CP47 were directly measured using commercial pigments bought from Sigma as the standards. The protein contents of the puri¢ed CP43 and CP47 were determined using the Bradford method [8] . The calculations assumed a molecular mass of 52 and 56 kDa for CP43 and CP47, respectively [4, 8] . Dividing the pigment contents by the protein mass gave the pigment stoichiometry of puri¢ed CP43 and CP47 ( Table 1 ).
The data in Table 1 show that the puri¢ed CP43 contained about 19^20 Chl a and 4^5 L-Car, while the puri¢ed CP47 contained 20^21 Chl a and 3^4 L-Car. This result is very similar to that reported earlier by Alfonso et al. [8] . 
Room temperature absorption spectra of CP43 and CP47
The room temperature absorption spectrum of the puri¢ed CP43 had a maximum at 671 nm in the red region (Fig. 2 ). This result is again similar to that reported in [8] . The peaks at 417 nm, 436 nm, 584 nm, 623 nm and 671 nm are characteristic of Chl a, the three peaks of 671 nm, 623 nm and 584 nm were assigned to Chl a Qy (0-0), Qy (1-0) and Qx (0-0) transitions. The two peaks at 436 nm and 417 nm in the blue region were attributed to the B-band of Chl a. Compared to the room temperature absorption spectrum of RC-II (D1/D2/Cyt b 559 ) [17] , it is obvious that there is no Pheo Qx (1-0) transition band which gives a maximum at 542 nm in the absorption spectra of puri¢ed CP43 (Fig. 2 ). This result indicates that the maxima at 584 nm, 623 nm and 671 nm in the red region and 436 nm and 417 nm in the blue region of the puri¢ed CP43 are contributed only by Chl a.
The absorption spectrum of RC-II has characteristic peaks for L-Car at 460 nm, 486 nm and 510 nm [17] , so the two shoulder peaks in the blue region of the absorption spectrum of CP43 are attributed to the L-Car. Thus, the Chl a and L-Car are the only pigment species bound to CP43 which is consistent with the HPLC result and that previously reported by other authors [8, 11] .
A prominent shoulder at 682 nm was also detected. The inset in Fig. 2 shows the second ( Fig.  2a ) and the fourth (Fig. 2b ) derivatives of the red spectral region for a more detailed view of this region. The data con¢rm that there are two main components at 682 and 669 nm present in the second and fourth derivatives of the spectrum in this region (refer to Fig. 2a,b ). These two main spectral components were also observed on the 5 K absorption spectrum of the CP43 complex recently reported by Groot et al. [11] . Fig. 3 presents the room temperature absorption spectrum of puri¢ed CP47 measured at similar conditions as that of CP43. Like CP43, the puri¢ed CP47 also has no Pheo Qx (1-0) transition band in the absorption spectrum of the puri¢ed CP47, but Chl a peaks occur at 674, 626, 583, 436, 415 and 380 nm. The maximum in the red spectral region at 674 nm is attributed to the Qy (0-0) transition of Chl a. In the carotenoid region, two obvious peaks at 464 nm and 493 nm are due to L-Car. Thus, Chl a and L-Car are the only pigment species bound to CP47. This is again consistent with the HPLC result and that reported earlier [8, 10] .
The second and fourth derivatives of the red spectral region are shown in Fig. 3a,b . Two components are also present, but at 669 and 680 nm which may correspond to the spectral components of 669.5 nm and 682.5 nm on the 4 K absorption spectrum of CP47 reported by Groot et al. [10] . The slight blue shifts of the two spectral components on our absorption spectrum may result from the thermal e¡ect since our experiment was carried out at room temperature. Considering this result together with that of CP43, we think that there are at least two groups of Chl a bound to the PSII core antenna complexes and that they exist in di¡erent binding states.
Changes in the absorption spectra of CP43 and
CP47 during thermal denaturation 3.4.1. Changes in the absorption spectra in the red region (640^720 nm) of the CP43 during thermal denaturation The absorption maximum in the red region of CP43 absorption spectra decreased a little during thermal denaturation, from 0.7386 to 0.6419, as the treatment temperature was increased from 25³C to 80³C (Fig. 4 ).
In addition, this peak underwent a small blue shift and a slight decrease of the full width at half-maximum (FWHM) (from 21.81 nm to 21.41 nm) ( Fig. 4 and Table 2 ). These results demonstrate that the components of the CP43 absorption spectrum changed during thermal denaturation.
As shown in Fig. 5 , the changes of the spectral components become more obvious in the fourth derivative spectra of CP43 after incubation at di¡erent Fig. 4 . E¡ect of heat incubation on absorption spectra of CP43 in the red region (640^720 nm). CP43 was suspended in 20 mmol/l Bis-Tris, 0.05% DM bu¡er, pH 6.0. The Chl a concentration was 2 Wg/ml; experimental temperatures are shown in the ¢gure. temperatures. However, the two components revealed by the derivative analysis did not change at the same rate over the experimental temperature range. At lower temperatures, 25^60³C, the longer wavelength band at 682 nm decreased more, so that the longer wavelength band had almost completely disappeared when the incubation temperature reached 60³C, while at higher temperatures, 60^80³C, only the shorter wavelength band at 669 nm was observed to decrease. The changes of the absolute absorbance of the two components during heat treatment are shown in Fig.  6 . They are consistent with the results in Fig. 5, and show the di¡erence between the absorption spectrum at room temperature and that of CP43 after incubation at the di¡erent denaturation temperatures. These results also show that the two components revealed by the derivative analysis did not change at the same rate over the experimental temperature range. Furthermore, the data in Fig. 6 show that the ratio of the changes of these two components reverses at 55³C (inset of Fig. 6 ).
Changes in the absorption spectra in the red
region (640^720 nm) of CP47 during thermal denaturation The thermally induced changes of the absorption spectra in the red spectral region (640^720 nm) of CP47 are shown in Fig. 7 . Table 3 summarizes the wavelengths, the absolute absorbances and the FWHM of the absorption maxima in the red region for CP47 after thermal denaturation at di¡erent temperatures.
As opposed to the results for CP43 shown in Fig.   Fig. 7 . E¡ect of temperature on the absorption spectra of CP47 in the red region (640^720 nm). CP47 was suspended in 20 mmol/l Bis-Tris, 0.05% DM bu¡er, pH 6.0. The concentration of Chl a is 2 Wg/ml. Treatment temperatures are shown in the ¢gure. 4, the maximum in the absorption spectrum in the red region obviously blue shifted while the absolute absorbance of the red region maximum decreased slowly over the experimental temperature range, indicating that the components of the maximum of the absorption spectrum in the red region for CP47 changed dramatically during thermal denaturation. Note that when the thermal treatment temperature was increased to 65³C, the maximum of the absorption spectrum in the red region blue shifted to 669.15 nm (Table 3 ). When the temperatures were increased further to 80³C, the peak position of the absorption spectrum in the red region did not change much more. However, the absolute absorbance decreased markedly, from 0.1534 to 0.1438 (Table 3) , suggesting the unbinding of some Chl a molecules bound to CP47 when the thermal treatment temperature was very high.
In correspondence with the changes of the wavelength and the absolute absorbance, the FWHM also changed notably during thermal denaturation. Compared to that of 25³C, the FWHM at 65³C was obviously less, from 26.190 to 25.589 (Table 3) . When the treatment temperature was increased further, the FWHM did not change any more ( Fig. 7 and Table 3 ). Fig. 8 clearly shows the changes of the components indicated by the fourth derivative. The long wavelength component peak at 680 nm gradually decreased, but the short wavelength peak at 669 nm gradually increased as the thermal treatment temperature increased. Furthermore, as with the changes of the wavelength, the absolute absorbance and the FWHM of the absorption maximum in the red region, increasing the treatment temperature to 65³C caused the long wavelength component to almost disappear. Further increases of temperature resulted in almost no additional changes.
The thermally induced changes of the absolute absorbance for each component in the derivative analysis are shown in Fig. 9 as the di¡erence spectra between the spectrum at 25³C and those of samples treated thermally.
As opposed to the CP43 spectra, only the long wavelength component peak at 680 nm obviously decreased during the thermally induced denaturation, but the short wavelength peak at 669 nm changed little. Moreover, for very high thermal treatment temperatures (v 60³C), a component peak at 663 nm emerged and increased with increasing temperature. But the increase of the component peak at 663 nm is far less than the decrease of the component Fig. 8 . E¡ect of temperature on the fourth derivative of the absorption in the red region (640^700 nm) for CP47. The sample conditions were the same as for Fig. 6 . peak at 680 nm during the entire thermal treatment. For example, after the thermal treatment at 80³C, the absorbance of the component peak at 680 nm has decreased by 0.059, but that of the component peak at 663 nm increased only by 0.0125. Since the non-binding state Chl a dissolved in some organic solvent, such as acetone, has a peak at a much shorter wavelength [18] , the appearance of the component peak at 663 nm again showed that part of Chl a bound to CP47 was disassociated from the loci in the protein matrix for high treatment temperatures. The reason why the changes of the spectral component peaking at 663 nm are not apparent in the fourth derivative spectra (Fig. 8 ) but are clearly present in the di¡erence spectra ( Fig. 9 ) maybe that the thermal treatment had little e¡ect on the spectral component peaking at 669 nm, but the peak at 680 nm markedly decreased, thus the signal at 669 nm in the fourth derivative became relatively pronounced. In the fourth derivative spectra, the changes of the 663 nm spectral component is so small (only 0.0125) that they were hidden by the 669 nm signal (Fig. 8) ; however, in the di¡erence spectra ( Fig. 9) , they are discernable when the interference of 669 nm signal is excluded.
Discussion
The lowest energy absorption bands resulting from Qy (0-0) transitions of Chl a bound to almost all pigment-protein complexes have characteristic red shifts and are split into several di¡erent bands [19] . In general, the red shift and the splitting of the Qy (0-0) transition band of Chl a are caused by either (i) ground state interactions in large aggregates of Chl a accompanied by mild coupling of degenerate excited states [20, 21] or (ii) speci¢c interactions between the occluded and the protein side chains (e.g., interactions with charged amino residues or Schi¡ base formations) that result in modi¢cation of the chromophores [22, 23] .
In pigment-protein complexes, pigments bind to the apoprotein by H-bonds, co-ordinate bonds or other non-covalent forces [19, 24] . These complexes are then anchored into the biomembranes by association with lipids to form the special conformations needed for their unique physiological functions [24] . Such conformations of these complexes are maintained by weaker bonds, such as London dispersion and hydrogen bonds, so they are easily damaged.
We have previously observed that the CD signal in Fig. 9 . Di¡erence spectra for absorption in the red region (640^720 nm) of CP47 between the spectra at di¡erent temperature treatments and room temperature. Experimental and sample conditions were the same as for Fig. 6 .
the far-ultraviolet region (200^250 nm) for CP43 and CP47 changed markedly during thermal denaturation, demonstrating that CP43 and CP47 structures are easily changed during such a treatment and that CP43 is more sensitive to thermal denaturation than CP47. The in£ection point for CP43 was 50³C while that for CP47 was 63³C [14] . The present report shows that there are only two kinds of pigments, Chl a and L-Car, bound to CP43 and CP47 (Table 1) which is consistent with previous reports [8, 10, 11] , so the red region (640^720 nm) absorption of CP43 and CP47 results only from Chl a. Although the CP43 absorption maximum (671 nm) is di¡erent from that of CP47 (674 nm), two components, one at a longer wavelength (682 nm for CP43, 680 nm for CP47) and another at a shorter wavelength (669 nm for both CP43 and CP47), were revealed by derivative analysis in the red region absorption spectra (Fig. 2a,b and 3a,b ). These two di¡erent spectral components contained in the red region of the absorption spectra have also been reported by Groot et al. who measured the low temperature (5 K and 4 K) absorption and the second derivative of CP43 and CP47 [10, 11] . Recently, a three-dimensional model of CP47 based on the 8 A î data obtained by electron crystallography [25] was reported by Barber et al. [26] . As can be seen from the model of CP47, a cluster of Chl a molecules located near the transmembrane helices 1, 2, and 5, and some other Chl a molecules are dispersed around helices 3 and 4. Thus, this model indicates the existence of two components of Chl a molecules in CP47. Since CP43 is structurally similar to CP47 [26] and contains a similar amount of Chl a molecules (Table  1) , the Chl a in CP43 may also exist as two distinct groups of Chl a as in CP47. The present study further indicates that these two di¡erent components did not change at the same rate during the thermal denaturation of CP43 and CP47. For the lower treatment temperatures (25^60³C for CP43, 25^65³C for CP47), the longer wavelength components changed more, but at higher temperatures (60^80³C), the CP43 short wavelength peak changed more (Figs. 4^6 and Table 2 ).
It is well known that the conformations of protein complexes, which are mainly maintained by weaker bonds such as hydrogen bonds, are easily damaged during thermal denaturation [27] . Therefore, we sug-gest that the two spectral components revealed by the derivative analysis can be attributed to two different groups of Chl a which bind to di¡erent apoprotein motifs and exist in di¡erent microenvironments. The Chl a groups absorbing at longer wavelengths may be bound to well-de¢ned binding pockets of the protein, which are more sensitive to thermal denaturation and are tentatively referred to as`CP43-682' and`CP47-680'. The other Chl a groups absorbing at shorter wavelengths may bind to protein regions with more extended conformations which are less sensitive to thermal denaturation and are tentatively referred to as`CP43-669' and`CP47-669'.
It is also known that the CD spectrum in the red region is very sensitive to the microenvironment of the chromophores, including the position, orientation and distance between the chromophores. If the distance and orientation between Chl a molecules is su¤cient to form large aggregates, the Chl a will interact excitonically, so that the CD spectrum will have positive and negative double signals. Moreover, the CD ellipticity will also show excitonic interactive intensity [28^30].
In our previous study, the CD spectra in the red region (640^710 nm) of both CP43 and CP47 contained a doublet signal with a negative-positive peak, indicating excitonic interaction between Chl a molecules bound to CP43 and CP47 [14] . This suggestion is also supported by the results of T-S, £uorescence line narrowing (FLN) and the stark spectroscopy measurement reported by Groot et al. [10, 11] . Furthermore, observations in our previous experiments [14] showed that the doublet CD signal in the red region of CP43 and CP47 obviously decreased with increasing heat treatment temperature during thermal denaturation, revealing that the excitonic interaction between Chl a bound to CP43 and CP47 was very sensitive to the structural modi¢cation of the protein. Moreover, the results showed that the heat treatment temperature for the £attening of these doublet CD signals of CP43 and CP47 was 55³C and 65³C, respectively [14] . The results presented in this paper showed that at these temperatures the absorption peaks of the long wavelength components of CP43 and CP47 almost completely disappeared ( Figs. 4 and 6 ). Groot et al. [11] also suggested that a group of pigments absorbing around 670 nm may exist that are not signi¢cantly involved in excitonic interactions. Therefore, we suggest that the excitonic interactions between Chl a bound to CP43 and CP47 strongly correlate to the Chl a groups with absorption peaks at longer wavelengths, CP43-682 and CP47-680.
When the Chl a molecules excitonically interact with each other, the distance between them must be short and must be maintained by the spatial structure of the pigment-protein complexes [29] , such as that of BChl a in the reaction center [31, 32] and the light harvesting complexes [33, 34] of Rhodobacter sphaeroides R26.1. So, we suggest that in CP43 and CP47 the long wavelength Chl a molecules, CP43-682 and CP47-680, ¢rst bind to a special region of the apoprotein, then move nearer and nearer with the further folding of the apoprotein during the assembling process to form a dimer or a multimer of Chl a. The short wavelength Chl a molecules, CP43-669 and CP47-669, may then bind to the more extended region of the apoproteins so that they remain relatively farther apart like monomers.
